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Bottomonium Production

Table: Stages in the hadroproduction of ⌥(nS) resonances.

1st step 2nd step 3rd step production type
bb̄ ! ⌥(nS) – prompt, direct

pp̄ ! bb̄ + X bb̄ ! �b �b ! ⌥(nS) + � prompt, indirect
bb̄ ! ⌥(n0

S) ⌥(n0
S) ! ⌥(nS) + X prompt, indirect
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Figure: Bottomonium states.
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Previous Measurements
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Fig. 5.4: Inclusive �(1S) cross-section at the Tevatron as a function of pT . The data points are the CDF measure-
ments [61]. The solid curve is the NRQCD factorization fit, and the other curves are individual contributions to the
NRQCD factorization fit. From Ref. [64, 104].

the NRQCD framework can account for the observed cross-sections for pT > 8 GeV [72, 73, 104, 105],
as is shown for �(1S) production in Fig. 5.4. An accurate description of the � cross-section in the low-
pT region requires NLO corrections and a resummation of multiple gluon radiation. A fit to the CDF
data using a parton shower Monte Carlo to model the effects of multiple gluon emission has given much
smaller values of the colour-octet matrix elements that are compatible with zero [106].

The normalization and the shape of the bottomonium cross-sections at the Tevatron can also be
described reasonably well by the colour-evaporation model (CEM). The CEM predictions are compared
with the CDF data for �(1S), �(2S), and �(3S) in Fig. 5.5. Most of the relevant parameters can
be fixed completely by fitting data from pN collisions and by using measured branching fractions for
bottomonium decays. The predictions of the CEM at NLO that are shown in Fig. 5.5 have been calculated
using the NLO parameter sets that are described in Section 3.3. The predicted cross-sections for �(1S)

and �(3S) production are a little below the data; the normalizations can be improved by multiplying the
cross-sections by a K-factor of 1.4. The shapes have been brought into good agreement with the data
by including kT smearing, with �k2

T � = 3.0 GeV2. This value of �k2
T � is a little larger than the value

�k2
T � = 2.5 GeV2 that gives the best fit to the charmonium cross-sections.

A recent calculation of the production cross-sections for the �(1S), �(2S), and �(3S) at the
Tevatron combines a resummation of logarithms of M2

�/p2
T with a calculation at leading order in �s in

what is, in essence, the colour-evaporation model [41]. The resummation of the effects of multiple gluon

298

I No theoretical model has simultaneously explained experimental
measurements of both production cross section and polarization.

I The polarization measurements from D0 and CDF do not agree with
each other.
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Study Upsilons at the Large Hadron Collider (LHC)

I LHC provides:
I New energy scale!Large �bb̄
I Large pT reach can help

discriminate between theoretical
models

I CMS provides:
I excellent dimuon mass resolution

to separate the ⌥(nS) states
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first extension to 50 GeV/c in pT and 2.4 in |y |



The LHC
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The CMS Detector
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Muon Reconstruction
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Muon Reconstruction
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Low pT muons might not transverse more than one instrumented muon layer because of the
B-field (mid-rapidity) or material thickness (forward).

Tracker muons were developed to reconstruct muons down to very low momenta, where for
identification purposes it is enough to traverse only 1 instrumented muon layer.



Evolution of the Analysis

I Monte Carlo Feasibility Study in 2008. First analysis note came out in
2009, CMS AN-2009/118

I Early 2010, the first ⌥ candidate was detected and was shown for the
first time to the public by Yu in the International Workshop on Heavy
Quarkonium 2010.
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Evolution of the Analysis

I July 2010, the first ⌥ cross section measurement result was shown to
public at ICHEP. (280 nb

�1)

Yu’s contribution: data skimming; event selection cuts; e�ciency measurements in data and MC
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Evolution of the Analysis

I Analysis using 3 pb

�1 data collected in 2010 was published in PRD
I The first CMS result published in PRD
I The first ⌥(nS) measurement at the LHC

I Yu’s contributions for the first publication were similar to the 280/nb analysis

I Since 2011, we started to extend this measurement with a larger
(⇥10) dataset.

I Yu is in charge of the full analysis.
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Outline

I Datasets and Selection

I Measurement Methodology

I Analysis Ingredients

I Results, fiducial and acceptance-corrected cross section

I Discussions and Comparisons
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Datasets

I data collected in 2010, the first 3 pb

�1 was not included:
/MuOnia/Run2010B-Nov4ReReco v1/RECO 36/pb
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Trigger (Online Selection)

The CMS trigger system performs the online event selection in two steps:
I L1:

I hardware-based, fast and automatic, look for simple signs of interesting
physics

I uses only coarsely segmented data from all the three muon systems

I HLT:
I software-based, is capable of complex calculations
I two levels:

I
L2: takes L1 candidates as seeds to perform a stand alone

reconstruction

I
L3: takes L2 candidates as seeds and adds information from tracker

I Trigger used in this analysis:
I HLT DoubleMu0 (run 146428 to 147116): requires the detection of

two muons without an explicit pµ
T requirement.

I HLT DoubleMu0 Quarkonium v1 (since run 147196): HLT DoubleMu0
+ dimuon with opposite charge, 1.5 < Mµµ < 14.5
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O✏ine Selection Cuts
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O✏ine Selection

Di-Muon:
I opposite charge
I vertex chi2 probability > 0.001
I |y | < 2.4 (y = 1

2 ln(
E+pzc
E�pzc

))
I dz < 2.0 (The longitudinal separation between the two muons along the beam axis)

Each Muon:
I Fiducial Cuts: pT > 3.75GeV /c when |⌘| < 0.8, pT > 3.5GeV /c when

0.8 < |⌘| < 1.6, pT > 3.0GeV /c when 1.6 < |⌘| < 2.4 (⌘ = �ln[tan( ✓
2
)])

I is tracker muon
I track quality cuts:

I innerTrack.numberOfValidHits >11
I innerTrack.hitPattern.pixelLayersWithMeasurement > 0
I innerTrack.normalizedChi2 < 5

I impact parameter cuts:
I innerTrack.|dz | < 25 (longitudinal)
I dB < 0.2 (transverse)

If multiple candidates are found, choose the one with largest vertex chi2 probability.
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Outline

I Datasets and Selection

I Measurement Methodology

I Analysis Ingredients

I Results, fiducial and acceptance-corrected cross section

I Discussions and Comparisons
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Cross Section Measurement

The ⌥(nS) cross sections are measured and will be presented in the
following ways:

I Fiducial cross section
I defined within the fiducial region
I not corrected for acceptance, thus not a↵ected by polarization

I Cross section
I acceptance corrected
I polarization e↵ect not included in systematics, but quote di↵erent cross

sections for discrete polarization values

I Cross section utilizing polarization values measured with CMS
I polarization treated as systematic
I limited to the polarization measurement fiducial region
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The Ingredients to Determine the Cross Section

d� (pp ! ⌥(nS)X )

dpTdy
B
�
⌥(nS) ! µ+µ�� =

Nfit
⌥(nS)(pT ;A, ✏track, ✏id, ✏trig)

L ·�pT ·�y
, (1)

I B (⌥(nS) ! µ+µ�): Branching fraction of ⌥(nS) ! µ+µ�

I A: Geometric acceptance, obtained in Monte Carlo (NOT USED IN
PRODUCING FIDUCIAL CROSS SECTION RESULTS)

I ✏ = ✏track · ✏id · ✏trig
I ✏track: Tracking e�ciency, determined with a track-embedding

technique
I ✏id, ✏trig: Muon identification and trigger e�ciency, determined with

the tag-and-probe technique

I N⌥(nS): The ⌥(nS) yields, extracted via an extended unbinned maximum
likelihood fit

I L: The integrated luminosity of the dataset, 35.8 ± 1.4 pb�1
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Outline

I Datasets and Selection

I Measurement Methodology
I Analysis Ingredients

I Acceptance
I E�ciencies
I Yield

I Results, fiducial and acceptance-corrected cross section

I Discussions and Comparisons
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Acceptance (A)

A
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�

Ngen
�
p0⌥T , y 0⌥

� ,

(2)

I Geometric and kinematic
I High-Statistics MC ⌥(nS) Gun samples, generated flat in ⌥pT
I Di↵erent acceptance maps for 1S, 2S and 3S
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Acceptance vs. Polarization

I Acceptance is a strong function of production polarization

I Acceptance is not used in fiducial cross section results

I Following the 3 pb

�1 analysis, for the acceptance-corrected
production cross section results, quote di↵erent cross sections for
discrete polarization values

HX: the helicity frame, where the polar axis
coincides with the direction of the ⌥
momentum;
CS: the Collins-Soper frame whose axis is
the average of the two beam directions in
the ⌥ rest frame
T : fully transversely polarized
L : fully longitudinally polarized
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Outline

I Datasets and Selection

I Measurement Methodology
I Analysis Ingredients

I Acceptance
I E�ciencies
I Yield

I Results, fiducial and acceptance-corrected cross section

I Discussions and Comparisons
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Tag and Probe Methodology for E�ciencies (✏)

I Data driven technique, e�ciencies measured with data

I Use J/ resonance given the higher statistics

I Tag: Well-identified, good track quality, passes muon leg of
Mu+track J/ trigger

I Probe:
I ID: Tracks with good quality
I Trigger: Tracker muon

I Passing Probes:
I ID: is Tracker muon
I Trigger: pass desired trigger

I Tag-Probe pair:
I 2.6 < mass < 3.5
I �R >0.6: remove close-by muons
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Tag and Probe Example

I Example in one pT and |⌘| bin: Muon ID, pµ
T (3.5,3.75), ⌘µ(0.8,1.2)

There are 72 for each e�ciency in the analysis.
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 0.02±efficiency =  0.89 
 0.04±lf = -0.419 

 0.2±lp = -1.59 
 0.0007±mean =  3.0933 

 155±numBackgroundFail =  19933 
 30±numBackgroundPass =  592 

 86±numSignalAll =  3056 
 0.0006±sigma =  0.0320 
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MuonID E�ciencies (✏id)

I measured in 8 ⌘µ bins and 9 pµ
T bins
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Figure 9: Single muon identification efficiencies as a function of pµ
T for eight |�µ| regions
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Figure 9: Single muon identification efficiencies as a function of pµ
T for eight |�µ| regions
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Trigger E�ciencies (✏trig)

black: DoubleMu0, Data;
blue: DoubleMu0 Quarkonium v1, Data;
red: DoubleMu0, MC
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(a) |�µ| < 0.2
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(b) 0.2 < |�µ| < 0.4
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(c) 0.4 < |�µ| < 0.6
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(d) 0.6 < |�µ| < 0.8
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(e) 0.8 < |�µ| < 1.2
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(f) 1.2 < |�µ| < 1.6
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(g) 1.6 < |�µ| < 2.0
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Figure 10: Single-leg muon trigger efficiencies as a function of pµ
T for nine |�µ| regions, from

J/� Data T&P, for HLT DoubleMu0 , HLT DoubleMu0 Quarkonium v1 and Monte Carlo.

In addition, effects arising from differences in the kinematic distributions between the � and446

the J/� decay muons are investigated by comparing the efficiencies for � MC truth to J/�447

MC truth. They are all considered in � factors, explained in Sec. 8.7. The data determined448

efficiencies are used to obtain the final results.449

8.4.1 Trigger efficiency bias450

For avoiding trigger biases imposed on the probe sample, the tag is required to satisfy the muon451

leg of the MuXTrackY trigger. However, the way it is set up may still induce small biases in the452

L3 muon efficiency due to the requirements on the second leg of the MuXTrackY trigger which453

is allowed to belong to the probe sample. To estimate the bias, we made comparisons of the454

L3/L2 efficiency that were obtained by requiring that the tag muon passes (i) the MuXTrackY455

trigger (in which case the second trigger leg may bias the probe sample), or (ii) the Mu5L2Mu0456

trigger (which requires the detection of a muon at the L3 level, seeded by a L2 muon with pT457

higher than 5 GeV/c, and which therefore does not bias the probe sample for the measurement458

of the L3 efficiency). The probes are required to pass the L2DoubleMu0 trigger, which requires459
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(b) 0.2 < |�µ| < 0.4
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(c) 0.4 < |�µ| < 0.6
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(d) 0.6 < |�µ| < 0.8
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(e) 0.8 < |�µ| < 1.2
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(f) 1.2 < |�µ| < 1.6

 (GeV/c)
T

Probe p4 5 6 7 8 9 10 20 30 40 50

Ef
fic

ie
nc

y
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

 (GeV/c)
T

Probe p4 5 6 7 8 9 10 20 30 40 50

Ef
fic

ie
nc

y
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

DoubleMu0 MC

DoubleMu0 data

DoubleMu0_Quakonium data

(g) 1.6 < |�µ| < 2.0
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Figure 10: Single-leg muon trigger efficiencies as a function of pµ
T for nine |�µ| regions, from

J/� Data T&P, for HLT DoubleMu0 , HLT DoubleMu0 Quarkonium v1 and Monte Carlo.

In addition, effects arising from differences in the kinematic distributions between the � and446

the J/� decay muons are investigated by comparing the efficiencies for � MC truth to J/�447

MC truth. They are all considered in � factors, explained in Sec. 8.7. The data determined448

efficiencies are used to obtain the final results.449

8.4.1 Trigger efficiency bias450

For avoiding trigger biases imposed on the probe sample, the tag is required to satisfy the muon451

leg of the MuXTrackY trigger. However, the way it is set up may still induce small biases in the452

L3 muon efficiency due to the requirements on the second leg of the MuXTrackY trigger which453

is allowed to belong to the probe sample. To estimate the bias, we made comparisons of the454

L3/L2 efficiency that were obtained by requiring that the tag muon passes (i) the MuXTrackY455

trigger (in which case the second trigger leg may bias the probe sample), or (ii) the Mu5L2Mu0456

trigger (which requires the detection of a muon at the L3 level, seeded by a L2 muon with pT457

higher than 5 GeV/c, and which therefore does not bias the probe sample for the measurement458

of the L3 efficiency). The probes are required to pass the L2DoubleMu0 trigger, which requires459
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⌘ Dependence of E�ciencies

I Both trigger and ID e�ciencies show |⌘|
dependence, especially in low pT region

I The ine�ciencies at |⌘| = 0.2, 1.1, 1.7 are
due to the detector geometry

I The MC truth e�ciencies are measured in
rough (same as for data) and finer ⌘
binnings. Apply the e�ciencies to the
cross section measurement, we observe
negligible di↵erences.

)2 mass (GeV/c-µ+µ
7 8 9 10 11 12 13 14

 )2
Ev

en
ts

 / 
( 0

.0
5 

G
eV

/c

0

10000

20000

30000

40000

50000

60000

70000

80000
m0shift =  7.055 +/- 0.038
mass_mean =  9.45446 +/- 0.00027
nbkgd =  2116602 +/- 4013
nsig1 =  340033 +/- 1924
nsig2 =  98708 +/- 1189
nsig3 =  52140 +/- 1004
par3 =  6.196 +/- 0.092
sigma1 =  0.1369 +/- 0.0068
sigma2 =  0.0667 +/- 0.0059
sigmaFraction =  0.583 +/- 0.083
width =  3.126 +/- 0.058

/ndf = 128/1292χ

)2 mass (GeV/c-µ+µ
7 8 9 10 11 12 13 14

 )2
Ev

en
ts

 / 
( 0

.0
5 

G
eV

/c

0

10000

20000

30000

40000

50000

60000

70000

80000

)2 mass (GeV/c-µ+µ
7 8 9 10 11 12 13 14

 )2
Ev

en
ts

 / 
( 0

.0
5 

G
eV

/c

0

10000

20000

30000

40000

50000

60000

70000

80000
m0shift =  7.017 +/- 0.031
mass_mean =  9.45427 +/- 0.00025
nbkgd =  2116826 +/- 4015
nsig1 =  340700 +/- 1928
nsig2 =  99015 +/- 1192
nsig3 =  52138 +/- 1004
par3 =  6.254 +/- 0.081
sigma1 =  0.1361 +/- 0.0015
sigma2 =  0.06645 +/- 0.00094
sigmaFraction =  0.590 +/- 0.014
width =  3.085 +/- 0.051

/ndf = 131/1292χ

)2 mass (GeV/c-µ+µ
7 8 9 10 11 12 13 14

 )2
Ev

en
ts

 / 
( 0

.0
5 

G
eV

/c

0

10000

20000

30000

40000

50000

60000

70000

80000

Yu Zheng (Purdue University) Fermilab RA Seminar December 17, 2012 28 / 75

rough

finer

YZheng
The difference in 1S yield: 2 per mill

YZheng




Monte Carlo Closure Test

I Divide Fall10 MC sample into 120 1pb�1 samples and perform a full analysis on each
sample.

I Add o✏ine selections one by one. At each step we quantify the agreement between
measurements and MC truth using the pull distribution

Acceptance, Tracking, Track Quality,
MC truth Dimuon(⌥) e�ciencies

pull1S
Entries  120
Mean   -0.2028
RMS     1.085

 / ndf 2χ  2.599 / 5
Constant  4.34± 34.33 
Mean      0.104± -0.188 
Sigma     0.098± 1.095 

)*(1-1./wei)rawN)/(wei*gen*wei-Nraw(N
-20 -15 -10 -5 0 5 10 15 200
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pull1S
Entries  120
Mean   -0.2028
RMS     1.085

 / ndf 2χ  2.599 / 5
Constant  4.34± 34.33 
Mean      0.104± -0.188 
Sigma     0.098± 1.095 

I A pull less than 2 sigma away from unity

I All the ingredient inputs are correct

Acceptance, Tracking, Track Quality,
Single Muon TnP E�ciencies Product (use MC
J/ sample)

pull1S
Entries  120
Mean    5.091
RMS     1.085

 / ndf 2χ  4.578 / 5
Constant  4.01± 32.86 
Mean      0.108± 5.089 
Sigma     0.093± 1.126 

)*(1-1./wei)rawN)/(wei*gen*wei-Nraw(N
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pull1S

Entries  120
Mean    5.091
RMS     1.085

 / ndf 2χ  4.578 / 5
Constant  4.01± 32.86 
Mean      0.108± 5.089 
Sigma     0.093± 1.126 

I A biased pull, with a shifted mean at 5.1

I The single muon TnP e�ciencies product
measured with MC J/ sample show a bias
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Correction Factor (⇢)

The ⇢ factor is defined as:

✏(⌥) = ✏(µ1
J/ ) · ✏(µ2

J/ ) · ⇢ (3)

I ✏(⌥): Monte Carlo Truth Matching Dimuon (⌥) E�ciency

I ✏(µi
J/ ): Monte Carlo Tag and Probe Single Muon E�ciency measured with J/ 

I A correction to the factorization hypothesis

I Accounts for the bias introduced by the Tag and Probe e�ciency measurement with J/ 

pull1S
Entries  120

Mean   -0.08367

RMS    0.9562

 / ndf 2χ  0.7528 / 5

Constant  4.34± 37.85 

Mean      0.09302± -0.08645 

Sigma     0.070± 1.007 

fit
wei

)/errgen-Nfit
wei

(N
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pull1S
Entries  120

Mean   -0.08367

RMS    0.9562

 / ndf 2χ  0.7528 / 5

Constant  4.34± 37.85 

Mean      0.09302± -0.08645 

Sigma     0.070± 1.007 

Yu Zheng (Purdue University) Fermilab RA Seminar December 17, 2012 30 / 75

closure



Outline

I Datasets and Selection

I Measurement Methodology
I Analysis Ingredients

I Acceptance
I E�ciencies
I Yield

I Results, fiducial and acceptance-corrected cross section

I Discussions and Comparisons
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Mass Fits(N⌥(nS))

26 10 Systematic uncertainties
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(a) Unweighted mass distribution.
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(b) Mass spectrum after per event weighting.

Figure 14: Fit of the Upsilon yield in the full pT range.

corrected yield for the �(1S)[ �(2S), �(3S)] is obtained from a fit using the �(1S) [�(2S), �(3S)]499

acceptance.500

To determine the �(nS) integrated cross section for pT < 50 GeV/c |y| < 2.4 we employ the501

above procedure separately for each Upsilon resonance for each polarization scenario. We502

divide the data into several intervals of transverse momentum and repeat the fits to obtain503

the �(nS) cross sections. The twenty-five pT intervals used for the �(1S) differential cross sec-504

tion measurement are shown in Fig. 4. For the �(2S) and �(3S) the signal yields are lower505

and sixteen and nine pT intervals are used, respectively. The results are summarized in Ta-506

ble 11, Table 12 and Table 13. We also divide the data into five ranges of rapidity |y�|: (0,0.4),507

(0.4,0.8),(0.8,1.2),(1.2,1.6),(1.6,2.4) and repeat the fits to obtain the �(nS) differential cross sec-508

tion. These are reported in Table 14, Table 15, Table 16, Table 17, Table 18. The �(1S) pT-509

integrated, rapidity differential cross section results are shown in Table 20. The ratios of �(nS) pT-510

differential cross sections are reported in Table 21.511

10 Systematic uncertainties512

There are several sources of systematic uncertainty that contribute to the measured value of the513

�(nS) cross section. We now summarize sources of systematic uncertainty and the method of514

their determination.515

The unknown �(nS) production polarization affects the geometric and kinematic distribution516

of the decay muons in the detector. Using only a single value for the polarization in the anal-517

ysis, the systematic uncertainty from polarization would be the dominant uncertainty for the518

acceptance. We treat this uncertainty by quoting the cross section result using acceptance maps519

for five polarization scenarios that are expected to represent a set of maximal variations. As the520

data sample grows it will become possible to measure the production polarization and cross521

section simultaneously.522

10.1 Statistical contributions523

The statistical uncertainty on the acceptance and all of the efficiencies, and hence weights524

(Eqn. 7), involved in the determination of the cross section, Eqn. 6 , gives rise to a systematic un-525

certainty in the cross section measurement. To assess this uncertainty we vary the weights used526

in the mass fit coherently by ±1�(stat.), the resultant magnitude of the variation in the cross527

section measurement is taken as a measure of the systematic uncertainty from this source. To528

I Signal Pdf: Double Crystal Ball (Gaussian core portion and a power-law low-end tail) for
high statistics pT bins and Single Crystal Ball for rather low statistics pT bins (typically
with 1S yield fewer than 1000)

I Background Pdf: error function times exponential; error function not used when
exponential is enough

I Mass di↵erences fixed to precise PDG values

I Common width parameters scaled by the mass

I Crystal Ball radiative tail parameter fixed from high stats MC
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Mass Fits (low p
T

bins)
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signal: double CB
background:
exponential and
error function
product



Mass Fits (high p
T

bins)
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signal: single CB
background:
exponential



Candidate Weighting

I pT and ⌘ of each muon determines the reconstructability of a ⌥

I incorporate acceptance and e�ciency for each muon in yield extraction

I Via: per candidate weighting

w ⌘ wacc · wtrack · wid · wtrig · wmisc · w⇢ (4)

wacc = 1/A

⌥(pT , y) (5)

wtrack = 1/✏2
track (6)

wi = 1/[✏i (p
µ1

T , ⌘µ1) · ✏i (p
µ2

T , ⌘µ2)] (7)

w⇢ = 1/⇢⌥(pT , y) (8)

for i = id, trig
Additional selection criteria, wmisc, including the e�ciency of the vertex
selection criteria.

I Fit the mass spectrum after weighting in each pT or |y | interval to extract
the weighted yield.
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Candidate Weighting (Examples)

Raw Yield
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average all-e↵: 0.29 acc: 0.40 trg: 0.75 muid: 0.96 trk: 1.00 rho: 1.07

average all-wei: 4.10 wacc: 2.81 wtrg: 1.43 wmuid: 1.04 wtrk: 1.00 wrho: 0.94
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Evaluation of Systematic Uncertainties for the Fiducial Results

I E�ciencies
Vary weights coherently by ± 1� for each e�ciency and sum in quadrature
(id: 2-4%, trig: 1-6%) (dominant uncertainty)

I ⇢ factor
Repeat the measurements with unit ⇢ factors. (2-9%) (dominant)

I Mscale

The mismeasurement of the track momentum shifts and broadens the
reconstructed peaks of dimuon resonances. Varying the correction
parameters by ±1�(stat.) (0.1-1%)

I
PDF

I Signal: Vary one of the CB tail parameters and redo the fits. (1-2%)
I Background: Vary the background PDF with polynomial in a restricted

mass region (8,12). (1-4%)

I Luminosity (4%)
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Evaluation of Systematic Uncertainties for the Fiducial Results

I Bin choice of e�ciencies
Fit the 1D e�ciency as a function of pT using a hyperbolic tangent function
(1-3%)

10.4 Luminosity 31

(a) |�µ| < 0.2 (b) 0.2 < |�µ| < 0.4 (c) 0.4 < |�µ| < 0.6

(d) 0.6 < |�µ| < 0.8 (e) 0.8 < |�µ| < 1.2 (f) 1.2 < |�µ| < 1.6

(g) 1.6 < |�µ| < 2.0 (h) 2.0 < |�µ| < 2.4

Figure 20: Single-leg muon trigger efficiencies as a function of pµ
T for nine |�µ| regions, from

J/� Data T&P, for HLT DoubleMu0 , and the fitting results with fitted values.

The sanity-type selection criteria requiring the muons to be consistent with emanating from the582

same primary vertex do not introduce any singificant signal inefficiency. They therefore do not583

contribute a systematic uncertainty. The muon charge misassignment is estimated to be less584

than 0.01% [30] and contributes a negligible systematic uncertainty.585

There may be systematic effects due to differences between the shape PDF’s chosen to param-586

eterize the signal and background and the shapes present in the data. In particular the two587

parameters which model the FSR tail of the Crystal Ball function are fixed to values extracted588

from MC. These two parameters are also highly correlated. We estimate the uncertainty due to589

the fixing of these parameters by fitting the full statistics data with free tail parameters and use590

the parameters obtained to fix the tail parameters and redo the fits.591

The shape of the background is an exponential with or without an error function. The yields592

are also extracted using a second order polynomial as an alternative model for the background,593

while restricting the fit to the mass range (8,12) GeV/c2. The difference in the signal yields is594

used as the systematic uncertainty associated with the choice of background PDF. A shape595

derived from fake muons or same-sign muons in data is also studied in Section C.596
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Results: Di↵erential Fiducial X-section vs. pT and |y |
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I The ⌥(1S), ⌥(2S) and ⌥(3S) pT di↵erential x-sections are measured
in twenty-five, sixteen and nine bins respectively.

I The ⌥(nS) |y | di↵erential x-sections drop significantly at high |y |
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Results: Di↵erential Fiducial X-section vs pT , in di↵erent
|y | regions

I The pT di↵erential x-sections
of ⌥(nS) are measured in
di↵erent |y | bins: (0,0.4),
(0.4,0.8), (0.8,1.2),
(1.2,1.6), (1.6,2.0), (2.0,2.4)

I Similar trends in all |y | bins
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Ratios of Fiducial Cross Sections
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I All the ratios in the plot ascend when pT goes up.
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Results of the Fiducial Cross Section

d� (pp ! ⌥(nS)X )

dpTdy
B
�
⌥(nS) ! µ+µ�� =

Nfit
⌥(nS)(pT ; ✏track, ✏id, ✏trig)

L ·�pT�y
, (9)

Integrated over |y | < 2.4, the total ⌥(nS) fiducial cross-section within the cuts
p

µ
T > 3.75 GeV/c for |⌘|µ < 0.8, p

µ
T > 3.5 GeV/c for 0.8 < |⌘|µ < 1.6 and

p

µ
T > 3.0 GeV/c for 1.6 < |⌘|µ < 2.4 on both muons are:

�(pp ! ⌥(1S)X ) · B(⌥(1S) ! µ+µ�) = (3.06 ± 0.02+0.27
�0.25 ± 0.12) nb ,

�(pp ! ⌥(2S)X ) · B(⌥(2S) ! µ+µ�) = (0.91 ± 0.01+0.08
�0.07 ± 0.04) nb ,

�(pp ! ⌥(3S)X ) · B(⌥(3S) ! µ+µ�) = (0.49 ± 0.01+0.04
�0.04 ± 0.02) nb ,

mean ± statistical ± systematic ± Lumi
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Evaluation of Systematic Uncertainties for the
Acceptance-corrected Cross Section

The di↵erence between the fiducial and the acceptance-corrected cross
section are the acceptance corrections.
Besides those that have been already explained in the previous slides, the
following acceptance related systematics are also included here:

I Acceptance
Vary weights coherently by ± 1� for acceptance (0.3-1%)

I FSR
Remove events with photons from ⌥ and recompute the acceptance.
(0.1-0.8%)

I Momentum Scale
Acceptance is based on reconstructed pT. Vary the pT resolution by
±10% and recompute the acceptance maps. (0.1-0.2%)

I pT spectrum
Acceptance is measured with ⌥ Gun sample with a flat pT spectrum.
Reweight it with the pT spectrum from PYTHIA. (0.1-0.7%)
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Systematic Uncertainties

Table: Relative values of systematic uncertainties on the ⌥(nS) production
integrated over the rapidity range |y⌥| < 2.4, times the dimuon branching
fraction, in units of percent.

pT (GeV/c) A ✏T&P ✏⇢ PDF other

⌥(1S) 0.0 � 50.0 1.0 (1.0) 4.6 (4.0) 6.8 1.8 0.4(0.3)
⌥(2S) 0.0 � 42.0 1.1 (1.1) 5.0 (4.3) 7.4 2.6 0.4(0.4)
⌥(3S) 0.0 � 38.0 1.2 (1.1) 4.7 (3.9) 8.0 3.8 0.6(0.5)
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Results: Di↵erential ⌥(nS) Production X-section vs. pT
and |y |
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I The ⌥(nS) |y | di↵erential x-sections decreases at large |y |, but not as
significantly as in the fiducial cross section.
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Results: Di↵erential X-section vs. pT in di↵erent |y | region

I The pT di↵erential
x-sections of ⌥(nS) are
measured in di↵erent |y |
bins: (0,0.4), (0.4,0.8),
(0.8,1.2), (1.2,1.6),
(1.6,2.0), (2.0,2.4)

I Similar trends in all |y |
bins
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Results: Total Production Cross Section

d� (pp ! ⌥(nS)X )

dpTdy
B
�
⌥(nS) ! µ+µ�� =

Nfit
⌥(nS)(pT ;A, ✏track, ✏id, ✏trig)

L ·�pT�y
,

(10)
The ⌥(nS) integrated production cross sections (sum of di↵erential x-sections),
for |y | < 2.4:

�(pp ! ⌥(1S)X ) · B(⌥(1S) ! µ+µ�) = (8.55 ± 0.05+0.74
�0.71 ± 0.34) nb ,

�(pp ! ⌥(2S)X ) · B(⌥(2S) ! µ+µ�) = (2.21 ± 0.03+0.21
�0.20 ± 0.09) nb ,

�(pp ! ⌥(3S)X ) · B(⌥(3S) ! µ+µ�) = (1.11 ± 0.02+0.12
�0.11 ± 0.04) nb ,

mean ± statistical ± systematic ± Lumi

quote di↵erent cross sections for discrete polarization values:
pT (GeV/c) HX T HX L CS T CS L HX 1

2T HX 1
2L CS 1

2T CS 1
2L HX 1

4T HX 1
4L CS 1

4T CS 1
4L

⌥(1S) 0.0 � 50.0 +19 �24 +16 �19 +10 �11 +8 �9 +5 �5 +4 �5
⌥(2S) 0.0 � 42.0 +14 �24 +13 �20 +5 �12 +6 �10 +3 �7 +2 �6
⌥(3S) 0.0 � 38.0 +16 �21 +14 �17 +9 �9 +8 �7 +5 �4 +5 �3
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Results utilizing the polarization results from CMS
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I The polarization measurement
from CMS became public
recently (arXiv:1209.2922)

I Measured for 10 < p⌥T < 50 and
|y⌥| < 1.2

I Acceptances are calculated
using the polarization results

� stat.
�

P
syst.

�
pol.
�

��
�

⌥(1S) 0.56 1.3 9 (8) 4 (2) 11 (9)
⌥(2S) 0.21 2.4 7 (8) 7 (3) 11 (9)
⌥(3S) 0.13 3.2 9 (8) 7 (3) 12 (9)

Yu Zheng (Purdue University) Fermilab RA Seminar December 17, 2012 51 / 75



Outline

I Datasets and Selection

I Measurement Methodology

I Analysis Ingredients

I Results, fiducial and acceptance-corrected cross section

I Discussions and Comparisons

Yu Zheng (Purdue University) Fermilab RA Seminar December 17, 2012 52 / 75



Discussion of the Results
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I Show good agreement
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I Compare rapidity-di↵erential
acceptance-corrected cross section
with LHCb results

I Show good agreement

I Cross section decreases for high |y |
values
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Theory Comparison, p
T

di↵erential fiducial cross sections
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I PYTHIA describes ⌥(1S) and ⌥(3S) shapes reasonably well.
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Theory Comparison, p
T

di↵erential acceptance-corrected
cross sections
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I NRQCD describes well the ⌥(1S) measurement in higher pT region.

I CASCADE describes well the ⌥(1S) measurement in the whole region
but not the ⌥(2S) or ⌥(3S).

I PYTHIA has been normalized, it overestimates the total cross section
by a factor of 2; it can describe ⌥(1S) and ⌥(3S) shape but not the
⌥(2S).
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Theory Comparison, |y | di↵erential cross sections
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I PYTHIA (normalized) describes the ⌥(nS) shapes very well.

I CASCADE agrees with the ⌥(1S) but predicts larger total cross
sections for the 2S and 3S.
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Theory Comparison, cross section ratios
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I PYTHIA (normalized) cannot account for the ⌥(2S)/⌥(1S) and
⌥(3S)/⌥(2S) ratio due to its inability to describe the ⌥(2S) cross
section.

I The CASCADE prediction is consistent with the ⌥(2S)/⌥(1S) and
⌥(3S)/⌥(2S) ratios while it does not describe the ⌥(3S)/⌥(1S)
ratio at low pT.
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Summary

I The ⌥(nS) cross sections with and without acceptance corrections
have been measured.

I A Monte Carlo closure test has been performed to validate the
analysis strategy.

I The pT and |y | di↵erential cross sections and the ratios of cross
sections have been shown.

I The systematic uncertainties and e↵ects from polarization have been
estimated. The dominant systematic is from the uncertainty in the
e�ciencies.

I The results have been compared to the results from other experiments
and various theoretical models.
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A List of Analyses Contributed

I ⌥ Cross Section Measurement in pp collisions at
p
s=7 TeV

(36 pb�1) BPH-11-001, under collaboration review

I ⌥ Cross Section Measurement in pp collisions at
p
s=7 TeV (3

pb�1) Phys.Rev.D83:112004,2011

I Search in leptonic channels for heavy resonances decaying to
long-lived neutral particles submitted to JHEP

I Observation of sequential Upsilon suppression in PbPb collisions
Accepted by PRL

I Suppression of ⌥ excited states in PbPb collisions
PhysRevLett.107.052302

I Feasibility Study of Searching for Long-Lived Parents of the Z0

Boson at the CMS winning poster in the 1st USLUO meeting

I Feasibility Study of Prompt J/ Cross Section Measurement at
the CMS APS talk 2009
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Service Work Contributed

I B-PAG trigger release validation contact
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Service Work Contributed

I CMS Data Analysis School, facilitator, 2010-2012

Yu Zheng (Purdue University) Fermilab RA Seminar December 17, 2012 61 / 75



Thank you!
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Back Up

Back Up
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Polarization Frames
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Polarization Variables

Definition of observables

Measurement of �(nS) polarizations with CMS Valentin Knünz, ICHEP 2012 3 / 16

Quarkonium polarization 

11 Valentin Knünz (HEPHY Vienna) 25. Nov. 2011 

General concepts of the polarization of vector quarkonia 

Quarkonium 

rest frame 

production 
plane 

y x 

z 

! + 

Quantization axis z 

!"  = +1 : “transverse” polarization Jz = ± 1 

Jz = 0 

"#  = +1 
"$  = "#$ = 0 

"#  = –1 
"$  = "#$ = 0 

!"  = -1 : “longitudinal” pol. 

Most general observable 
angular decay distribution: 

arXiv:1006.2738 

Quarkonium polarization 

11 Valentin Knünz (HEPHY Vienna) 25. Nov. 2011 

General concepts of the polarization of vector quarkonia 

Quarkonium 

rest frame 

production 
plane 

y x 

z 

! + 

Quantization axis z 

!"  = +1 : “transverse” polarization Jz = ± 1 

Jz = 0 

"#  = +1 
"$  = "#$ = 0 

"#  = –1 
"$  = "#$ = 0 

!"  = -1 : “longitudinal” pol. 

Most general observable 
angular decay distribution: 

arXiv:1006.2738 
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Trigger E�ciencies Bias

I A small bias on the probe sample may arise due to presence of second
leg of Mu-plus-Track trigger.

I To estimate the bias: we made comparisons of the L3/L2 e�ciency
using di↵erent Tag requirements

I Tag:
I match to the Mu-plus-Track

trigger object: bias L3/L2 e↵
I match to the Mu5L2Mu0

trigger object: unbias L3/L2 e↵

I Probe: Tracker muons that matched
to L2DoubleMu0 trigger object

I Passing Probe: Probes that matched
to HLT DoubleMu0 trigger object

✏bias(L3/L2) � ✏unbias(L3/L2)

ε

-0.015

-0.01

-0.005

0

0.005

0.01

0.015

0.02

T
Probe p

3 4 5 6 7 8

|η
Pr

ob
e 

|

0

0.5

1

1.5

2

=7 TeV  s  CMS Preliminary, 

 0.053±
-0.002

 0.015±
0.010

 0.012±
0.000

 0.011±
-0.002

 0.005±
0.007

 0.008±
0.009

 0.038±
0.003

 0.014±
-0.003

 0.011±
0.016

 0.009±
0.009

 0.004±
0.006

 0.004±
0.009

 0.146±
0.000

 0.038±
-0.006

 0.015±
0.021

 0.011±
0.006

 0.009±
0.004

 0.006±
0.023

 0.005±
0.016

 0.016±
-0.011

 0.008±
0.005

 0.006±
0.006

 0.005±
-0.004

 0.006±
-0.006

 0.004±
0.003

 0.005±
0.012

 0.010±
-0.013

 0.005±
-0.006

 0.005±
0.002

 0.006±
0.003

 0.008±
0.010

 0.006±
0.009

 0.006±
0.013

 0.013±
-0.018

 0.009±
0.002

 0.011±
0.010

 0.010±
0.008

 0.006±
0.012

 0.008±
0.004

 0.009±
0.021
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Monte Carlo Closure Test

Acceptance, Tracking, Track Quality,
MC truth Single Muon E�ciencies Product
(⌥ sample)

pull1S
Entries  120

Mean    2.025

RMS     1.108
 / ndf 2χ  4.937 / 6

Constant  3.90± 31.45 

Mean      0.110± 2.056 
Sigma     0.10±  1.17 

)*(1-1./wei)rawN)/(wei*gen*wei-Nraw(N
-20 -15 -10 -5 0 5 10 15 200

10

20

30

40

50

pull1S
Entries  120

Mean    2.025

RMS     1.108
 / ndf 2χ  4.937 / 6

Constant  3.90± 31.45 

Mean      0.110± 2.056 
Sigma     0.10±  1.17 

I A biased pull, with a shifted mean at 2.06

I Factorization Hypothesis

Acceptance, Tracking, Track Quality,
MC truth Single Muon E�ciencies Product
(J/ sample)

pull1S
Entries  120
Mean    7.738
RMS     1.037

 / ndf 2χ  2.712 / 5
Constant  4.30± 35.49 
Mean      0.099± 7.749 
Sigma     0.085± 1.057 

)*(1-1./wei)rawN)/(wei*gen*wei-Nraw(N
-20 -15 -10 -5 0 5 10 15 200
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pull1S
Entries  120
Mean    7.738
RMS     1.037

 / ndf 2χ  2.712 / 5
Constant  4.30± 35.49 
Mean      0.099± 7.749 
Sigma     0.085± 1.057 

I A biased pull, with a shifted mean at 7.75

I Bias from applying J/ muon e�ciencies to ⌥

We need to introduce a correction factor.
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Other E�ciencies

I Vertex Probability > 0.001: 0.9916+/-0.0009

I When multiple candidates are found, choose the one with highest
vertex probability: 0.9991+/-0.0009

I Track Quality Cuts: 0.9866 +/- 0.0005
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Break down the ⇢ factor
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Break down the ⇢ factor
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Break down the ⇢ factor
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⇢0 factor vs. Muon Arbitration Type

✏(⌥) = ✏(µ1
⌥) · ✏(µ2

⌥) · ⇢0 (11)

I ✏(⌥): Monte Carlo Truth Dimuon (⌥) E�ciency

I ✏(µi
⌥): Monte Carlo truth Single Muon E�ciency
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⇢ factor vs. Polarization

Negligible e↵ect.
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Systematics
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Tag and Probe utilizing Z resonance
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